ABSTRACT. We have performed high-precision measurements of the isotopefractionation factors between ice and water. Ice was grown from a stirred water mass on a cooling plate. The freezing velocity was varied, keeping the stirring rate of the water constant, so that the equilibrium fractionation factors could be determined by extrap olating to zero freezing velocity. The resulting values are a(D/ H) = 1.0212 ± 0.0004.
INTRODUCTION
For modelling isotopic processes in the global water cycle, fractionation factors have to be known . The 18 0 / 16 0 fractionation factor between ice and water is not precisely known from work published so far. We report here on experimental results for the fractionation between ice and water in 18 0/°0 and D / H. Our aim was to obtain high accuracy and especially to find the values at equilibrium. The latter aim was achieved by controlling 
EXPERIMENTAL METHOD
The method we used was to grow ice from water of known isotope composition. Ice is produced in isotopic equilibrium with the bulk of the water only if the freezing velocity is very small compared to the mixing rate of the water, because otherwise an isotopic gradient is established in the water near the interface. Because it is not possible to determine a priori under what conditions this gradient is negligible, we controlled carefully the freezing velocity a nd varied it between different experiments, so that we could then determine the equilibrium by extrapolating the results to zero freezing rate.
The apparatus we used ( Fig. 1) consists of a Plexigins cylinder (inner diameter 9.0 cm, free inner height 15.5 cm) mounted water-tight on a cooling plate cooled by a Peltier element (Peltron PKE 36; maximum cooling power 20 W) . The cover has a (controlable) motor for the propeller s tirring the water, and a probe for measuring the water temperature can be inserted through a hole in the cover. This hole also allows some air exchange, which is necessary to avoid over-pressure in the cylinder when the water freezes. The whole apparatus is well insulated thermally by means of styrofoam.
For an experiment, c. 800 ml water of known isotopic composition were poured into the cylinder, leaving an ai r space above the water in order to avoid overflow in consequence of the expansion during freezing. After the water had cooled down to O°C, freezing was initiated by adding very small pieces of ice (total mass < 0.03 g) in order to avoid supercooling and an irregular onset of ice growth, The water was stirred by mea ns of a propeller, the revolution rate of which was held constant at about 17 rev min-I for all experiments. The freezing rate was determined by measuring the ice thickness, usually at ice increments of about 0.5 mm, through a side window in the thermal insulation. For some experiments, the freezing velocity was kept constant. This could be achieved approximately by regulating the current of the Peltier element such that the water temperature was constant at about 0.3°C; when necessary, the current was corrected manually. The experiment was stopped when the desired ice thickness, between 10 and SO mm, was reached, typically after several hours. Water samples for isotopic analysis were taken at the end of the experiment, and, by means of a syringe through a hole in the cover, during the experiment. The ice block was taken out of the Plexiglas cylinder and cut with a hot-wire saw, which proved to be considerably better than a band saw regarding precise, plane surfaces and small loss of ice during cutting. A lateral sample, representing the average composition, was taken from the ice cylinder; the rest was cut into parallel slices representing different stages of the ice growth. 180jlGO and D/H ratios were determined by mass spectrometry.
18 0/ 16 0 was measured in our laboratory, and D /H at the Institute for Environmental Physics, University of Heidelberg. Analytical precision (la) is ±0.03%0 and ±0.5%0, respectively.
In an experiment, we controlled whether the ice composition was horizontally homogeneous and found a slight (0.1%0) 8 18 0 increase from the center towards the periphery of the ice cylinder, which should have negligible influence.
EVALUATION OF DATA
If the freezing rate is not negligibly small compared to the mixing rate of the water, an isotopic gradient will be established in the water near the interface (Fig. 2) , so
Fig. 2. Scltematic distribution of the isotopic ratio R( 180/1G0 or D jH) in water and ice near the common interface. An isotopic gradient exists near tlte interface in a boundary
layer (x = 0 to x = Xb); for x > Xb, the water is assumed to be welt mixed. VI is the freezing velocity; w denotes the transfer coefficient (transfer velocity) for mixing.
that the ice is not in isotopic equilibrium with the bulk of the water (assumed well mixed). At steady state, the isotopic composition of the water transported in net from the right into the boundary layer at x = Xb (cf. Fig. 2) must be equal to that of the water leaving at the left by freezing, which gives, in a reference frame fixed to the ice-water interface (x = 0, fluxes positive to the left):
where Rwoo,Rwo is the isotopic ratio of bulk water and water at the interface, Vf is the freezing velocity, and w is the transfer velocity for mixing between x = 0 and x = Xb. For the concept of transfer velocity (or transfer coefficient), see e.g. Danckwerts (1£)70) .
If we define an apparent fractionation factor by aapp = isotope ratio of newly formed ice isotope ratio of bulk water
we find from Equation (1) :
or, denoting I" = a-I as fractionation constant:
( Vr/ W )
For sufficiently small freezing velocity, Vf « 11> , this can be simplified to
that is, the apparent fractionation (which we directly determine from the experiment) is a linear function of the freezing velocity vc. The second equality is obtained when noting that a ~ 1. It is not possible to say a priori how the transfer velocity for mixing, w, depends on the stirring rate, so we kept the stirring rate constant for all experiments. Before calculating fractionation factors , we optimized the experimental results by a least-squares method (Stiefel, 1£)76), making use of the fact that the isotopic compositions are over-determined by the isotope balance between initial state (water) and final state (ice plus water). The isotopic composition of the ice varies during freezing according to a Rayleigh process, provided aapp is constant, and is therefore given by (see e .g. Gat, H)SO)
where f is the remalDlDg (not yet frozen) fraction of water and 8 wo is the value for the bulk water for f = 1.
We have evaluated aapp for single ice layers, by integrating Equation (5) over the appropriate f interval (setting f = 1 at the beginning of the ice layer) and interpolating 8 wo from the intermediate water samples. Figure 3 shows the resulting apparent fractionation con- 
RESULTS

Lehmann and Siegenthaler: Oxygen-and hydrogen-isotope fractionation
From the slope of the regression lines in Figure 3 , we ob t ai n the transfer velocity w = 97 ± 33 mm h-1 = (2. 7 ± 0,9) x 10-5 ms -I; this characterizes the water mixing rate for the propeller sp eed we had chose n for our experim e nts. Our maximum fr eezing velocities were about o mm h -1 , so that vC/ w ::::;; 0,1 and Equatio n (4) is st ill a good approximation to Equation In a OD -OI RO plot, the ice compositions are expected to lie o n a line given by where S = 1'0/1'18, which is approximated ve ry well by a straight line with slope S as long as the occurring 5 values are not too negative, i.e. the remaining fraction of the water is not very small. (This can be seen by considering the Rayleigh formul ae, Equation (5), for D and 18 0 and eliminating f.) From our results, Equation (6), S = 7.29 ± 0.16. Direct comparison of the oD and 5
18 0 values of our water and ice samples on such a plot indeed shows the expected linear relation , which strengthens the confidence in the overall procedure used.
COMPARISON WITH OTHER WORK
Experimental results of other authors for the fracti ona tion constants are compiled in Table 1 . None of the directly detennined I' values is significantly higher tha n Journal of Glaciology our values, but some are lower, which might be due to insufficient stirring of the water. For 18 0, the value ofO'Neil (1968), based on only two runs, is compatible with ours. Beck and Miinnich (personal communication, 1088) recently obtained results in agreement with ours; they found, however, that -especially in salt water -the deuterium fractionation may depend on the growth direction of the ice crystals wi th respect to the c axis, an hypothesis we cannot test with our results. Craig and Horn (1968) worked with a NaCI solution of 4%0 chlorinity and found EIS = 2.65%0. Since they worked with a salt solution, their value is not directly comparable with ours. Our deuterium results are in excellent agreement with those of Posey and Smith (1957) and of Arnason (1960) , both of whom took into account the effect of finite freezing rates and obtained the equilibrium value in a similar way to us, and with that of Beck and Miinnich (personal communication, 1988) , who achieved equilibrium by slow freezing and vigorous stirring.
The "indirect" results in Table 1 are calculated from experimental water-vapour and ice-vapour fractionation factors, as a(ice-water) = a(ice-vapour) / (water-vapour).
The indirect value for ISO is significantly higher, and the one for deuterium lower than our results. The "theoretical" value in Table 1 was obtained from partition functions, in the same way as by Majoube (1971a, b) for the pairs ice-vapour and water-vapour, and using the spectroscopic data compiled by Majoube. The value of 1.00292 is in excellent agreement with our experimental result. This may, however, be somewhat fortuitous, since the vibrational frequencies for ice cannot be defined precisely from spectroscopic data (Majoube, 1971a) .
SIGNIFICANCE FOR NATURAL PROCESSES
During freezing under natural conditions, the ice will not necessarily be formed in isotopic equilibrium with the bulk water, depending on both the freezing rate and the rate of mixing of the water. Souchez and others (1987) made deuterium measurements on ice in a lake and found an apparent fractionation factor Eapp ~ 12% 0 (i.e. roughly half the equilibrium value E) and a mean freezing velocity of 0.18 cm d-I . Following section 3 , this would correspond to a transfer velocity for water mixing w = vr / (l -Eapp/E) = 0.42cmd- Souchez and others (1987) treated the results with a film model in which transport from the interface is controlled by a stagnant, diffusive layer. Layer thicknesses z of 3 and 4.5 cm were required to explain the results, which correspond to characteristic diffusion times, given by z2 = 2D . t, of 4.5 x 10 5 s (5.2 d) and 10 6 s (11.7d) . While it is difficult to judge what are reasonable values for the residence time near the interface (or the transfer velocity, or the diffusive film thickness), the times obtained from both models appear unrealistically high. The essential result of the study of Souchez and others is, however, an indication that lake ice may be formed significantly off isotopic equilibrium.
